An additional pancake-antipancake vortex pair is considered in the vortex lattice of layered superconductors. Within linear elastic continuum theory, the relaxation of the background lattice screens the long-range logarithmic interaction of the defect pair, reducing the factor ln(r 0 /) to ln(a/) where r 0 is the pair spacing, the in-plane coherence length, and a the vortex spacing. The finite tilt modulus does not destroy this ideal two-dimensional screening, yielding a small correction ϳ(a 2 /8 2 )ln(r 0 /a), which in principle is of long range, but has a very small prefactor when the vortex spacing a is smaller than the in-plane penetration depth . ͓S0163-1829͑97͒02825-7͔
I. INTRODUCTION
The thermodynamic and electrodynamic properties of type-II superconductors in a magnetic field are determined by the behavior of the lattice of Abrikosov vortex lines or the three-dimensional lattice of ''pancake vortices'' in high-T c superconductors with layered structure. [1] [2] [3] Features which are widely discussed in this context are 4, 5 the pinning of vortices by material inhomogeneities, thermally activated depinning, collective creep, glassy behavior, and as an intrinsic property, even in the absence of pinning, the melting of the vortex lattice. All these effects depend on the elastic and plastic behavior of the vortex lattice and on the properties of its structural defects like vacancies, interstitials, dislocations, dislocation pairs and loops, stacking faults, etc. In particular, melting of a lattice formally may be described by the spontaneous generation and proliferation of such defects.
The crucial property of structural defects in a point lattice or line lattice is their free energy, composed of the selfenergy of each defect and the interaction energy between defect pairs. The self-energy and interaction energy themselves consist of two terms, namely, the energy of the defect in the ideal ͑undeformed͒ host lattice and the elastic energy of the host lattice when this is allowed to relax around the defect. This lattice relaxation reduces the defect energy, and in some cases the two terms nearly compensate each other. The reduction is particular large in lattices with long-range interaction, e.g., in vortex lattices. For example, the vortex lines in superconductors interact over a distance , the magnetic penetration depth, which is typically much larger than the vortex spacing aϷ(⌽ 0 /B) 1/2 (⌽ 0 is the flux quantum and B the average magnetic induction͒. It was shown in Ref.
6 that the elastic relaxation of the vortex lattice drastically reduces the self-energy of a vacancy ͑defect line͒: The displacements of the vortices change the local induction B(r)
by an amount ␦B(r) which looks similar to the induction B v (r) of the removed vortex line. Thus, the local depression of B(r) caused by removing a vortex line is largely ''repaired'' by the relaxation of the surrounding vortex lattice such that B(r)ϷB remains almost constant. Note that the individual vortex fields strongly overlap, yielding an almost constant B(r) when the vortex lattice is unperturbed and has not too large spacing aՇ, corresponding to BտB c1 /ln where B c1 is the lower critical field and ϭ/ the Ginzburg-Landau parameter.
The reduction of the magnetic field variance and of the energy of a defect line by the lattice relaxation is the larger the more vortices are within the range of the interaction potential. Since the effective interaction range between the vortices Јϭ/(1ϪB/B c2 ) 1/2 diverges as B approaches the upper critical field B c2 , the compensation of the energy term becomes almost complete at large inductions. Namely, while the energy of a vacancy without lattice relaxation formally diverges for B→B c2 , the energy of the vacancy with relaxation decreases as (B c2 ϪB) 2 , as does also the shear modulus c 66 of the vortex lattice and the energies of all structural defects. 6 A similar strong reduction of defect energies by the relaxation of the surrounding lattice is expected for the twodimensional ͑2D͒ lattice of point vortices in layered high-T c superconductors. In the limit of strong anisotropy, i.e., in the absence of Josephson coupling between the superconducting CuO layers, the interaction between two pancake vortices in the same layer is logarithmic and thus of very long range. The interaction of pancakes positioned in different layers is smaller by a factor of s/Ӷ1, where s is the layer spacing and the penetration depth of the supercurrent flowing in the layers.
In the present paper, as one such example, we consider the energy of a defect pair consisting of a pancake vortex and an antipancake vortex residing in the same plane. Since we are interested here in an approximate continuum-theoretical treatment, we disregard energy terms which depend on the position of the pancake and antipancake within the lattice cell. This is allowed when these two positions are equivalent, since then these terms cancel. In the general case the position-dependent energy terms have to be calculated numerically.
The main finding of our paper is that within continuum theory the linear elastic relaxation of the surrounding lattice ͑mainly of the pancakes in the same layer͒ strongly reduces the energy of this defect pair, resulting in a short-range interaction, whereas the unscreened interaction before relaxation was logarithmic and thus of long range. A further reduction is expected, like in the case of vortex lines, 6 when the discreteness of the pancake lattice and the full nonlinear elastic response are accounted for. Such discrete-lattice computations are under way.
II. ENERGY OF A PANCAKE-ANTIPANCAKE PAIR
We consider a pancake-antipancake vortex pair added to a vortex lattice in an extremely anisotropic layered superconductor. As usual the superconductor is modeled by an infinite stack of superconducting layers of zero thickness parallel to the xy plane and located at z m ϭϮms, where m is an integer and s is the interlayer distance. We disregard the Josephson coupling between the superconducting layers, treating the vortex lattice as a set of electromagnetically coupled stacks of pancakes. The additional pancake-antipancake vortex pair resides in the layer mϭ0. The pancake is located at rϭ0 and the antipancake at rϭr 0 ϭ(x 0 ,y 0 ,0) with ͉r 0 ͉ӷa.
An additional pancake-antipancake pair generates a supercurrent j(r) which exerts forces f on the pancakes of the vortex lattice located at the points r ϭ(x ,y ,z ). This force causes vortex displacements u ϭ(u x ,u y ,0), which are determined by the elastic equilibrium.
Our aim is to calculate the energy of the additional vortex pair in an elastic vortex lattice assuming that the displacements are small, ͉u ͉Ӷa. The energy of the additional vortex pair in a vortex lattice then consists of three parts: the selfenergy of the pair, i.e., its energy in the absence of the vortex lattice; the interaction energy between the vortex pair and the undeformed vortex lattice; and the energy of the elastic deformation. We focus our attention on the first and third terms. If the additional pancake and antipancake are located in equivalent points of the vortex lattice, the second contribution to the pair energy is zero, since in the absence of Josephson coupling the energy of the pancake arrangement is the linear superposition of all pairwise magnetic interactions. In the general case, however, the position-dependent interaction with the undeformed lattice ͑mainly with the nearest neighbors͒ has to be computed separately.
First, we calculate the displacements u using the equation of elastic equilibrium. The force per unit volume exerted by the additional vortex pair on the other pancakes is
where nϭB/(⌽ 0 s) is the pancake density, ẑ is the unit vector along the z axis, and A 
Here the dimensionless function
originates from the tilt modulus c 44 of the vortex lattice. Using the Fourier transform ͑8͒ and formula ͑10͒ for the displacements u p we estimate ͉u ͉ϳa 2 /r and therefore ͉u ͉Ӷa at large distances, r ӷa.
Knowing the displacements we can evaluate the reduction of the spatial variation of the magnetic field around a defect pair, i.e., the screening of this pair by the elastic vortex lattice. This effect is analogous to the screening of an extra charge in an ionic crystal. The total vector potential created by the additional pair and by the pancakes of the vortex lattice is
where A 0 (r) is the vector potential of a single pancake. Writing r ϭR ϩu , where R are the unperturbed positions of the lattice pancakes, we obtain the Fourier transform of the vector potential A p induced by the pancake-antipancake defect pair in an elastic vortex lattice up to the first order in the displacements,
Combining Eqs. ͑10͒ and ͑13͒ we find
i.e., the value of A p is proportional to the dimensionless function ␥( k)Ӷ1 originating from the tilt modulus c 44 of the vortex lattice. With the accuracy of ␥( k)Ӷ1 one can neglect the tilt modulus. In this approximation one has A p ϭ0, which means that the displaced pancakes of the lattice entirely screen out the defect pair at distances R ӷa. But accounting for c 44 leads to a power law decay of the u and of A(r) at r →ϱ and to the dependence of the energy of the defect pair on its size r 0 . Note that c 44 ϭ0 corresponds to a liquid of pancake vortices or to completely decoupled 2D lattices of pancake vortices. The energy of a pancake in a pancake liquid is considered in Appendix B following the lines of the Debye-Hückel theory of strong electrolytes. We now calculate the energy of the added pancakeantipancake pair, F pair ϭF pair 0 ϩW rel , consisting of two parts: the self-energy of the pair in the absence of the vortex lattice,
͑15͒
and the elastic relaxation energy
which is the work of the force field f(R ) towards the elastic equilibrium. The integration in Eq. ͑15͒ is over the intervals qϽ/, ͉k͉Ͻ/s, whereas in Eq. ͑16͒ it is over the first 3D Brillouin zone, i.e., qϽk BZ , ͉k͉Ͻ/s, and
. Using Eqs. ͑9͒ and ͑10͒, we find
.
͑17͒
In the first integral, the integration is over the interval k BZ ϽqϽ/; we also neglected a small term proportional to ␥( k) in the denominator of the second integrand. The first integral in Eq. ͑17͒ is
This main term may be interpreted as the energy of a pancake pair at the short distance a, the lattice spacing. It is thus of the same order as the position-dependent interaction of the additional pancake and antipancake with the pancake lattice in the same plane. This term is, however, much smaller than the unscreened energy of the pair, F pair 0 ϰln(r 0 /), Eq. ͑15͒. The second integral in Eq. ͑17͒ is
͑19͒
If a 2 Ӷ4 2 , one has F 1 ӷF 2 , so that the main contribution to the energy comes from F 1 , i.e., from the unscreened pancake and antipancake currents in the plane zϭ0. In the general case we keep both terms and write
2 ͪͬ . ͑20͒
III. CONCLUSION
We have shown that in the presence of an additional pancake-antipancake vortex pair in the same layer, the relaxation of the surrounding pancake lattice reduces the logarithmic factor ln(r 0 /) in the energy of the defect pair, Eq. ͑15͒, to the smaller factor ln(a/), Eq. ͑18͒, where r 0 ӷa is the pair extension and a the equilibrium spacing of the vortex lattice. The energy of the pair plus the relaxation energy of the background lattice becomes thus independent of the pair spacing r 0 . The sum ͑18͒ of these two energy terms is comparable to the third energy term, namely, the strongly positiondependent interaction of the pancake and of the antipancake with their nearest neighbors, which contains also factors of order ln(a/ ab ). This remaining energy term has to be calculated numerically, even as the corrections due to the discreteness of the lattice and to the full nonlinear elastic relaxation. Such more detailed calculations will not alter our result of screened interaction of the two defects qualitatively. Therefore, for r 0 ӷa it will be sufficient to compute the energy of each defect separately and then calculate their much smaller interaction energy as a perturbation.
These results were obtained in the limit of high anisotropy ⌫ӷ1 corresponding to vanishing Josephson coupling. They are, however, more general, applying to any twodimensional ͑2D͒ lattice with long-range interaction. In the above problem the in-plane interaction of the pancakes is by far dominating, rendering the problem almost 2D. The small correction due to the finite tilt modulus c 44 of the vortex lattice, the second term in Eq. ͑20͒, in principle is of long range, but has a very small prefactor if aӶ.
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APPENDIX A: ELASTIC MODULI OF A VORTEX LATTICE
Within continuum theory the dynamic matrix ⌽ p of the vortex lattice with uniaxial symmetry is given by 8, 9 
